ABSTRACT A novel peptide substrate for adenosine 3',5'-cyclic monophosphate-dependent protein kinase (ATP:protein phosphotransferase, EC 2.7.1.37), Leu-Arg-Arg-Trp-Ser-Leu-Gly, was synthesized. Phosphorylation of the peptide causes a 20% increase in the peptide fluorescence intensity at 358 nm. Values of K. and keat for the phosphorylation reaction at pH 7.0 (25"C), were determined to be 2.7 ± 0.5 pM and 5.5 ± 0.4 sec', respectively. The phosphorylated peptide was shown to be an effective substrate for phosphoprotein phosphatase (phosphoprotein phosphohydrolase, EC 3.1.3.16) with a Km of 113 ± 10 FM and a kcat of 2.4 ± 0.2 sec-in the presence of 2.5 mM MnCI2. Changes in the peptide fluorescence intensity as a function of its phosphorylation state provide a highly sensitive assay of cyclic AMP-dependent protein kinase and phosphoprotein phosphatase activities.
Adenosine 3',5'-cyclic monophosphate (cAMP)-dependent protein kinase (ATP:protein phosphotransferase, EC 2.7.1.37) catalyzes the transfer of the terminal phosphoryl group of adenosine 5'-triphosphate to specific serine or threonine residues of substrate proteins (1) . In addition, the enzyme also catalyzes the phosphorylation ofserine residues in a number ofsynthetic peptides containing amino acid sequences similar to the local phosphorylation site sequences of substrate proteins (2, 3) . Studies using these synthetic peptide substrates have provided valuable information concerning the substrate specificity of cAMP-dependent protein kinase (2) (3) (4) and the molecular basis of enzyme-substrate recognition (5, 6) . Although MATERIALS AND METHODS Protein Purifications. Bovine cardiac cAMP-dependent protein kinase was purified as described by Rubin et aL (9) with Sigma histone ILA as substrate. The purified enzymewas judged to be approximately 90% pure when analyzed on sodium dodecyl sulfate polyacrylamide gels. Phosphoprotein phosphatase (Mr 35,000) was purified 4500-fold to near homogeneity from bovine cardiac muscle by the procedure ofChou et aL (10) with phosphorylated histone IIA as substrate. Protein concentrations were determined by the method ofBradford (11) . Mrs of174,000 and 35,000 for cAMP-dependent protein kinase and phosphoprotein phosphatase, respectively, were used to calculate the enzyme concentrations.
Peptide Synthesis. The peptide, Leu-Arg-Arg-Trp-Ser-LeuGly, was synthesized by the Merrifield solid-phase procedure (12) . The Boc amino acids used had the following side-chain protecting groups: Arg(NO2), Trp(CHO), and Ser(Bzl). The peptide was cleaved from the resin with liquid HF. The formyl group was removed by treatment with aqueous piperidine (13) . The peptide was purified by gel filtration on Sephadex G-10 and by a SEP-PAK-C-18 cartridge on high-pressure liquid chromatography. Enzymatic hydrolysis of the peptide gave the following amino acid values: Arg, 2.1; Trp, 1.0; Ser, 1.0; Gly, 1.0; and Leu, 1.9. Phosphopeptide and Phosphoamino Acid Analysis. Two-dimensional peptide mapping was carried out with Eastman thinlayer cellulose sheets as described by Gracy (14) . The phosphorylated peptide was subjected to electrophoresis at pH 3.7 (pyridine/glacial acetic acid/water, 1:10:89, vol/vol) in the first dimension and to chromatography (1-butanol/glacial acetic acid/ water/pyridine, 15:3:10:12, vol/vol) in the second dimension.
Autoradiography ofthe cellulose sheet showed that greater than 97% ofthe phosphate incorporation was associated with a single peptide spot. Phosphoamino acids were analyzed as described by Noiman (15 centration of the peptide substrate Leu-Arg-Arg-Trp-Ser-LeuGly was determined by using a molar extinction coefficient of £280 nm = 5550, and those of Leu-Arg-Arg-Ala-Ser-Leu-Gly and histone IIA were determined by using Mrs of 772 and 12,000, respectively. Incorporation of labeled phosphate into peptide was measured as described by Glass et aL (16) with Whatman P81 paper circles (2.3 cm). The reaction was stopped by spotting an aliquot of the reaction mixture onto the paper disk, which previously had been moistened with 40 /,u of 30% (vol/vol) acetic acid. (10) . Phos- phoamino acid analysis of the phosphorylated peptide showed that phosphate was incorporated into the single serine residue. Fig. 1 shows the fluorescence emission spectra of the phosphorylated and dephosphorylated forms of the peptide. Although both spectra showed the characteristics of tryptophancontaining peptides, the relative peptide fluorescence intensity at the emission maximum (358 nm) was found to be 20% greater for the phosphorylated form. The increase in the fluorescence intensity that occurred upon phosphorylation ofthe peptide was completely reversed when the peptide was dephosphorylated by phosphoprotein phosphatase. Fig. 2 shows the time-dependent increase in the fluorescence intensity at 358 nm when the peptide was undergoing phosphorylation in the presence of cAMP-dependent protein kinase and ATP. Excellent agreement was obtained when [32P]phosphate incorporation into the peptide was used to monitor the phosphorylation reaction under identical conditions (Fig. 2) . The same agreement was obtained when the dephosphorylation reaction was monitored either by fluorescence change or by the release of [32P]phosphate from the peptide (Fig. 3) .
To determine the Kmn and kcat, initial rates of the phosphorylation reaction were obtained at various concentrations of the peptide (Table 1 (8) in which a nitrotyrosine was introduced to form the substrate peptide, Leu-Arg-Arg-(o-NO2)Tyr-Ser-Leu-Gly. Both spectral probes can be used to monitor phosphorylation of the peptide. However, the changes in fluorescence intensity of the heptapeptide reported here give a far more sensitive measure of the enzymatic activities. -Phosphorylation of the nitrotyrosine-containing peptide results in a decrease in extinction coefficient at 430 nm by 210 M-1 cm'- (8) . Thus, the detection limit of this peptide is roughly 0.1 ,umol. In contrast, the fluorescent peptide can detect phosphorylation changes in the picomole range, comparable to the sensitivity of the common assays that use radioactive phosphate. In addition, the fluorescent changes resulting from phosphorylation and dephosphorylation of this peptide can be observed and continuously recorded within milliseconds. Thus, the fluorescent peptide opens up another dimension for studying the mechanism of action of cAMP-dependent protein kinase and phosphoprotein phosphatase.
